Filtrates from cultures of a psychrophilic Pseudomonas species, which inactivate serum inhibitors of certain viral hemagglutinins, were shown to contain both lecithinase (phospholipase C) and a proteolytic enzyme with elastase activity. The bacterium was cultivated under conditions favoring production of the respective enzymes, and the enzymes were purified by ammonium sulfate precipitation followed by column chromatography or by gel filtration. The elastase was obtained in crystalline form and was recrystallized. It has properties similar to those of a number of other bacterial elastases but is more heat-labile than most. Although a high degree of purification was achieved for the lecithinase, as evidenced by an increase in specific activity, it was not obtained in crystalline form. Partially purified preparations of the lecithinase had extremely high activity compared to that of commercial preparations of phospholipase C from Clostridium welchii.
Filtrates from cultures of a psychrophilic Pseudomonas species, which inactivate serum inhibitors of certain viral hemagglutinins, were shown to contain both lecithinase (phospholipase C) and a proteolytic enzyme with elastase activity. The bacterium was cultivated under conditions favoring production of the respective enzymes, and the enzymes were purified by ammonium sulfate precipitation followed by column chromatography or by gel filtration. The elastase was obtained in crystalline form and was recrystallized. It has properties similar to those of a number of other bacterial elastases but is more heat-labile than most. Although a high degree of purification was achieved for the lecithinase, as evidenced by an increase in specific activity, it was not obtained in crystalline form. Partially purified preparations of the lecithinase had extremely high activity compared to that of commercial preparations of phospholipase C from Clostridium welchii.
Previous reports from this laboratory (20) (21) (22) (23) have described the use of filtrates from cultures of a psychrophilic Pseudomonas species for inactivation of nonspecific serum inhibitors of certain viral hemagglutinins. The filtrates were found to inactivate inhibitors of echovirus, reovirus, coxsackievirus, and adenovirus hemagglutinins. The inhibitor-destroying activity of the filtrates showed a time and temperature dependency suggestive of an enzymatic reaction, and the activity was destroyed by heating the filtrates at 56 C. Additional studies have revealed the presence of both lecithinase (phospholipase C) and a proteolytic enzyme with elastase activity in the filtrates. This report describes the identification and purification of these enzymes. Their effect, singly and in combination, on serum inhibitors of viral hemagglutinins will be described elsewhere (N. J. Schmidt et al., in preparation).
MATERIALS AND METHODS
Materials. Bio-Gel P-30 and diethylaminoethyl (DEAE)-cellulose were from Bio-Rad Laboratories, Richmond, Calif. Polyethylene glycol (Carbowax 20M) was from Union Carbide and Carbon Corp., New York, N.Y., and Aquacide I was obtained from Calbiochem, Los Angeles, Calif. Pancreatic elastase (2X crystallized), trypsin (2X crystallized), chymotrypsin (3X crystallized), and phospholipase C were from Worthington Biochemical Corp., Freehold, N.J. Bacterial elastase (B grade) was obtained from Calbiochem, and alkaline phosphatase (type 1) was obtained from Sigma Chemical Co., St.
Louis, Mo.
Casein (Hammersten quality) was from Nutritional Biochemical Corp., Cleveland, Ohio; insulin (bovine pancreas, recrystallized) was from Calbiochem. Elastin and orcein-elastin were obtained from Calbiochem or Worthington Biochemical Corp. Hemoglobin substrate powder, N-benzoyl-L-tyrosine ethyl ester (BTEE), p-toluene sulfonyl-L-arginine methyl ester (TAME), and soybean trypsin inhibitor were all from Worthington Biochemical Corp. Crystalline p-nitrophenyl phosphate disodium was from Sigma Chemical Co., and diisopropyl fluorophosphate was from Mann Research Laboratories, Inc., New York, N.Y.
The egg yolk-saline suspension for determination of lecithinase activity was prepared from fresh egg yolks which were washed repeatedly in physiological saline.
A 10% (w/v) suspension of egg yolk in physiological saline was homogenized in a VirTis blendor for 5 min and then allowed to stand at 4 C overnight. The sediment which settled upon standing was discarded; the supernatant fluid was clarified by centrifugation at 1,060 X g for 30 min and then passed through a Seitz sterilizing pad. The filtrate was stored at 4 C and was found to be stable at this temperature for at least 6 months.
Cultivation of Pseudomonas species and preparation of filtrates. The organism employed for these studies has been identified by the Bacteriology Section of the National Communicable Disease Center, Atlanta, Ga., as a psychrophilic Pseudomonas species which has 500 VOL. 18, 1969 PROTEINASE AND PHOSPHOLIPASE C OF PSEUDOMONAS SP. polar flagella and which produces the pigment fluorescein.
High concentrations of both proteinase and lecithinase were produced when the bacterium was cultivated in a medium containing 15.0 g of peptone (Difco), 40.0 g of glycerol, 1.3 g of asparagine, 0.3 g of K2HPO4, and 0.3 g of MgSO4-7H20 per liter of distilled water. Five-liter Povitsky flasks containing 300 ml of the medium were inoculated with 10 ml of a 24-hr broth culture and were agitated slowly on a Kahn shaker at room temperature for 4 hr. The cultures were then incubated in a stationary position at room temperature for an additional 72 hr, followed by incubation at 4 C for at least 2 weeks. After the cultures were harvested, the cells were sedimented by centrifugation in a Spinco batch rotor at 17,608 X g for 30 min. The clarified fluids were then passed through a Seitz pad and stored at -20 C. Filtrates prepared in this manner were used for inactivation of serum inhibitors of certain viral hemagglutinins (20) (21) (22) (23) , and they were used for initial studies on the identification of enzymes present in the filtrates.
For selective production of elastase, the bacterium was cultivated in the medium described above with the exception that proteose peptone (Difco) was substituted for peptone (Difco). After inoculation, the cultures were shaken for 4 hr at room temperature and then left at room temperature for a total of 3 days. Filtrates were prepared as described above and stored at -20 C.
For selective production of phospholipase C, the bacterium was cultured on a medium consisting of 10.0 g of beef extract (Difco), 10.0 g of peptone (Difco), 10 .0 g of yeast extract (Difco), 5.0 g of glucose, and 5.0 g of NaCl per liter of distilled water. After inoculation, cultures were shaken at room temperature for 4 hr and then left at room temperature for a total of 4 days. Filtrates were prepared as described above.
Assays for enzymatic activity. Proteolytic activity was determined by the casein digestion method of Kunitz (3) and, in certain instances, by the hemoglobin digestion method described by Anson (1). The casein digestion method was modified slightly in that a 2% solution of casein in 0.05 M sodium phosphate buffer (pH 7.5) was employed (rather than a 1% solution in 0.1 M Sorensen's phosphate buffer, pH 7.6), and the reaction was allowed to proceed for 1 hr rather than for 20 min. Specific activity was expressed in terms of the milligrams of protein released in the form of trichloracetic acid-soluble material (absorbing at 280 nm) from casein per minute per milligram of enzyme preparation; crystalline bovine albumin was used as a standard.
Assays for elastase activity were performed by the photometric method of Sachar et al. (18) and also by the plate method of Sbarra et al. (19) . The latter method was modified slightly in that a layer of elastin agar was prepared on microscope slides rather than in petri dishes; wells were cut into the agar roughly 5 mm apart, each well holding 0.01 ml of the enzyme preparations.
The methods described by Hummel (2) were employed for assay of trypsin-like and chymotrypsin-like activity; p-toluene sulfonyl-L-arginine methyl ester (TAME) was employed as a substrate in tests for trypsin-like activity, and n-benzoyl-L-tyrosine ethyl ester (BTEE) was used in assays for chymotrypsin-like activity.
Lecithinase (phospholipase C) activity was determined by a minor modification of the procedure described by Liu (5) . Twofold dilutions of the test material were prepared in physiological saline in a volume of 1.0 ml. The dilutions were then brought to a volume of 2.75 ml by the addition of physiological saline, and to each dilution we added 0.25 ml of the 10% egg yolk-saline suspension described above. The mixtures were incubated at 35 C for 24 hr. A positive reaction was evidenced by the formation of a layer of fat at the top of the mixture, with clear underlying fluid. Activity was expressed in terms of the reciprocal of the milligrams of protein in the highest dilution giving a positive reaction. To confirm the specificity of the reaction, enzyme preparations were also assayed for lecithinase activity by the method of Macfarlane and Knight (9), in which case activity was demonstrated by measuring the amount of inorganic phosphorus released by digestion of the phosphorylcholine liberated from the egg yolk substrate.
Tests for alkaline phosphatase activity were performed by a modification of the methods of Ohmori et al., as described by Torriani (25) .
Protein determinations. The protein concentration of various enzyme preparations was determined by the method of Lowry et al. (7) .
Substrate specificity of proteolytic enzyme. The substrate specificity of the crystalline proteolytic enzyme was studied by the procedure described by Matsubara et 0.05 M Tris buffer, pH 8.0) for 4 hr at 40 C. Samples of the hydrolysates were spotted (in duplicate) in a volume of 30 1liters onto Whatman 3 MM paper, and peptides were separated by two-dimensional chromatography and high-voltage electrophoresis. Chromatography was conducted for 16 hr with n-butyl alcohol-pyridine-acetic acid-water (15:10:3:12, v/v); this was followed by electrophoresis at 3.5 v/cm for 1 hr in pH 3.6 buffer (pyridine-acetic acid-water, 1: 10: 289, v/v). Corresponding peptides from two runs were pooled and eluted in glass vials. Peptides were then hydrolyzed with twice-distilled 6 N HCl at 105 C for 24 hr. The amino acid composition was analyzed by using a Spinco automatic analyzer (model 120B). Samples of unhydrolyzed peptides were saved for N-terminal amino acid analysis by the Edman phenylisothiocyanate method, in case this was required for characterization.
Ultracentrifugation of proteolytic enzyme. A Beckman Spinco model E ultracentrifuge and a 12-mm, standard 40 sector cell were used. The rotor speed was 56,000 rev/min, the bar angle was 400, and the temperature was 20 C. An 0.62% enzyme solution in 0.03 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 8.0) was employed. Sedimentation was from left to right, and photographs were taken at 43, 75, and 107 min after reaching maximal speed.
Moving-boundary electrophoresis of proteolytic enzyme. Electrophoresis was conducted in a PerkinElmer model 38A apparatus by using a 2-ml Tiselius cell, a current of 9 ma at 45 v, and a temperature of 2 C. The protein concentration of the enzyme solution was 0.44%, and at was prepared in buffer at pH 7.0 or 10.0; ionic strength, 0.1 (14) .
RESULTS
Identification of enzymatic activities in Pseudomonas filtrates. The Pseudomonas species gave a positive reaction for lecithinase on the agar-egg yolk medium of McClung and Toabe (8) , and it liquified gelatin, indicating the production of proteinase(s). Partially purified culture filtrates were then shown to contain both phospholipase C and a proteinase. The filtrates were first concentrated 5-to 10-fold by dialysis against polyethylene glycol and then brought to 100% saturation with solid (NH4)2SO4. After standing overnight at 4 C, the precipitates were sedimented by centrifugation at 12,840 X g for 45 min and then dissolved in 0.85% NaCl. One or two additional precipitations were carried out by adding (NH4)2SO4 to 70% saturation, allowing the solution to stand overnight at 4 C, and then centrifuging as described above. The precipitates were finally dissolved in a small volume of 0.01 M Tris-hydrochloride buffer, pH 7.5.
The presence of phospholipase C in these partially purified filtrates was demonstrated by the egg yolk-saline assay method of Liu (5) confirmed by the lecithinase assay method of Macfarlane and Knight (9) .
The partially purified filtrates were proteolytic, as demonstrated by casein digestion, but gave a negative reaction for trypsin-like activity and for chymotrypsin-like activity. However, a positive reaction for elastase was obtained. Crude filtrates did not give a positive reaction for elastase; this might be due to a low concentration of the enzyme in the crude materials, or to the presence of a high concentration of salt, which is known to inhibit the activity of this enzyme (4, 12) .
Alkaline phosphatase was demonstrated in the bacterial cells but not in filtrates. By using the culture media described above for selective production of either elastase or phospholipase C, filtrates containing one enzyme or the other could be obtained, and these were subjected to purification by ammonium sulfate precipitation followed by column chromatography or by gel filtration. Figure 1 shows the elution pattern of a representative preparation; virtually all of the proteolytic activity was eluted in fractions 65 to 115 in 0.05 M NaCl. These fractions were pooled, concentrated sevenfold by dialysis against Aquacide I, and then used for successive purification as described in Fig. 2 Fig. 2 . Crystals are shown in Fig. 3 . Table 1 shows the proteolytic activity and volumes of material obtained at various steps of the purification procedure. The proteolytic activity of the 2 X crystallized enzyme was compared with that of certain commercial preparations of proteolytic enzymes, and, as shown in Table 2 , the Pseudomonas species enzyme was as active as the other proteinases. The crystalline enzyme gave negative reactions for trypsin-like and chymotrypsin-like activity. It gave a positive reaction for elastase by the plate method and also by the orcein-elastin method.
The 2 X crystallized enzyme was subjected to ultracentrifugation (Fig. 4) and moving-boundary electrophoresis (Fig. 5) . A sedimentation coefficient of approximately 3S was calculated from the ultracentrifugation data. Electrophoresis was conducted at both pH 7.0 and 10.0, and in both instances only a single component was demonstrable.
The substrate specificity of the crystalline proteolytic enzyme was studied as described above. Figure 6 shows the peptide bonds in oxidized insulin A and B chains which were hydrolyzed by the proteolytic enzyme.
Stability of proteolytic enzyme. The effect of various physical and chemical treatments on the proteolytic activity of the 2 X crystallized enzyme is shown in Table 3 . Activity was destroyed by heating at 56 C for 10 min and by treatment with diisopropyl fluorophosphate (DFP), cupric acetate, or a high concentration of hydrogen peroxide. Approximately 50% of the activity was destroyed by treatment with ethylenediaminetetraacetic acid (EDTA). Activity was unaffected by dialysis against buffers (14) at pH 4.0 through 10.0 or by treatment with sodium dodecyl sulfate. Table 4 shows the effect of physical or chemical treatments on the elastase activity of the enzyme. The enzyme preparation used for these experiments was purified by DEAE-cellulose chromatography but was not crystallized. After treatment with the various chemicals indicated in Table 4 , the enzyme preparations were dialyzed against 0.01 M Tris buffer (pH 7.5) and assayed for elastase activity by the plate method (11) . medium favoring production of phospholipase C were clarified by centrifugation at 1-2,840 x g for 1 hr and then passed directly through Bio-Gel P-30. (It was found that preliminary precipitation with ammonium sulfate caused aggregation of low-molecular-weight proteins and thus prevented effective separation of the enzyme.) The dimensions of the column were 6.5 by -83 cm, and the load was approximately 400 -ml of filtrate. The material was eluted with 0.01 M Tris-hydrochloride buffer (pH 7.5) containing 0.002 M calcium acetate, and the flow rate was 200 ml per hr. Fractions were collected in 50-ml volumes. Figure 7 shows the elution pattern of a representative preparation. Phospholipase C activity was recovered in fractions eluting shortly after displacement of the void volume of the column, ¢ Buffers described by Miller and Golder (14) . whereas the bulk of the protein eluted in later fractions. Fractions 16 to 27 containing phospholipase C activity were pooled and concentrated 12-fold by dialysis against Aquacide I. In Table  5 , the activity of the crude filtrate is compared with that of the purified concentrate; there was over a 5-fold increase in activity, whereas the protein concentration was decreased over 16-fold. However, the enzyme was not obtained in crystalline form. As indicated in Table 5 , the phospholipase C activity of the purified material was almost 10 times higher than that of a commercial preparation of phospholipase C from Clostridium welchii.
The stability of the phospholipase C to certain physical and chemical treatments is shown in Table 6 . Activity was unaffected by heating at 60 C for 30 min or by dialysis against buffers at pH 4.0 through 9.0, but it was destroyed by EDTA, sodium dodecyl sulfate, and hydrogen peroxide.
DISCUSSION
Elastases are produced by a wide variety of microbes, including strains of the genera Flavobacterium, Bacillus, Pseudomonas, Streptomyces, and Actinomyces, and several of these enzymes have been studied extensively (10) (11) (12) (13) (15) (16) (17) .
The elastase produced by our Pseudomonas strain differs in several respects from that produced by strains of P. aeruginosa and character-506 SCHMIDT ET AL.
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PROTEINASE AND PHOSPHOLIPASE C OF PSEUDOMONAS SP. ized by Morihara and his co-workers (15) (16) (17) . In contrast to the P. aeruginosa elastase, the Pseudomonas species enzyme was markedly heatlabile and was inactivated by DFP. The heat lability of the enzyme also distinguishes it from certain other microbial elastases (11) (12) (13) . The Pseudomonas species elastase was unaffected at pH 4.0 or 5.0, whereas activity of the P. aeruginosa enzyme was decreased 25 to 50%. The substrate specificity of our Pseudomonas species elastase also differs from that of the P. aeruginosa enzyme (16) . A P. aeruginosa strain investigated by Morihara et al. (17) produced three proteolytic enzymes which were separable by DEAE-cellulose chromatography, and only one of them possessed elastase activity. We have seen no good evidence, by chromatography, gel filtration, ultracentrifugation, or electrophoresis, of the production of more than one proteolytic enzyme by the Pseudomonas species, although a trace of proteolytic activity was sometimes noted in DEAE fractions which eluted in 0.10 M NaCl.
The elastase of our Pseudomonas strain differs from that of F. elastolyticum (10, 11) and resembles most other microbial elastases in its broad proteolytic activity. Morihara (15) found that the ability to produce elastase varies with different strains of P. aeruginosa, although the amount of enzyme produced by elastase-positive strains is influenced by cultural conditions. It is likely that strains of fluorescein-producing pseudomonads differ in their ability to produce elastase, since P. fluorescens ATCC 13525 did not produce proteinase when cultivated under the same conditions employed for the elastase-positive Pseudomonas strain. The production of lecithinase (phospholipase C) is fairly common among members of the genus Pseudomonas (5, 24) , but it reportedly is not a stable property, particularly among members of the P. fluorescens group, and may be lost upon transfer of the organism (5). P. fluorescens ATCC 13525 failed to produce phospholipase C when cultivated under conditions employed for our lecithinase-positive Pseudomonas strain.
Liu (6) attempted to separate the lecithinase and proteinase produced by strains of P. aeruginosa by using column chromatography and gel filtration, but he found that good separation could not be achieved by these methods. To study the effects of each enzyme individually, he selected bacterial strains which produce high levels of one enzyme or the other, but not both. For our studies, the use of media favoring production of one or the other enzyme was found to be a satisfactory means of separating the two enzymes produced by a single bacterial strain.
The identification and purification of the two enzymes present in filtrates from cultures of the Pseudomonas species strain provide a more rational approach than the use of crude filtrates for treatment of sera to inactivate viral inhibitors. The inhibitor-inactivating activity of purified enzymes of the pseudomonad is compared to that of commercial enzyme preparations in a separate report (N. J. Schmidt et al., in preparation).
